subtraction PCR | fluorescent competitive binding assay | gas chromatography-electroantennogram detection | X-ray crystallography | molecular evolution A nts are eusocial insects comprising 11 subfamilies, 297 genera, and 8,800 species, and they are found in most regions from the Arctic Circle to the southernmost reaches. The insects form 15-20% of the terrestrial animal biomass (1, 2) . The colony contains mated queen(s), alate males, virgin queens, and nonreproductive workers. Worker ants are responsible for nurturing the brood, excavating soil for nest construction, procuring food, and protecting their territory against nonnestmates and/or predators. To maintain the colony, worker ants have established a highly sophisticated chemical communication system to detect semiochemicals, molecules that convey information in a taskspecific manner (1, 3, 4) .
The antenna is the major chemosensory organ in insects. In the worker Japanese carpenter ant, Camponotus japonicus, it is presumed that coeloconic, basiconic, trichoid-I, trichoid-II, and chaetic sensilla play roles in contact chemosensory or olfactory reception (5) . Ants have an exceptionally large number of chemosensory receptor genes. For example, genome and transcriptome analyses of the Florida carpenter ant, Camponotus floridanus, identified 407 odorant receptors (Ors), 63 gustatory receptors, and 31 ionotropic glutamate receptors (6) . In the peripheral sensory system, the hydrophobic semiochemicals enter the sensillum cavity through pore tubules. The sensillum cavity is completely segregated from the hemocoel by the membranes of tormogen, thecogen, trichogen cells, and receptor dendrite, and it is filled with aqueous sensillum lymph (7) . Odorant-binding proteins (OBPs) and chemosensory proteins (CSPs) that accumulate in the sensillum cavity play essential roles in transferring semiochemicals to the Or/odorant receptor coreceptor (Orco) complex, a ligand-gated ion channel on the receptor membrane (8) (9) (10) (11) (12) . OBPs and CSPs are composed of α-helices that are knitted with disulfide bridges. The result is the formation of a relatively rigid binding cavity. This rigidity results in binding proteins that bind a narrow range of hydrophobic ligands (13) (14) (15) . Although it has been hypothesized that semiochemicals are recognized by the α-helical carrier protein (16) , interestingly, analysis of sequences in an EST library from the red imported fire ant, Solenopsis invicta, has identified only 18 OBPs and 14
Significance
Worker ants are responsible for various tasks for their colony. In their chemical communication, odorant-binding proteins and chemosensory proteins, which accumulate in the sensillum lymph in the antennae, play roles in transporting semiochemicals to chemosensory receptors. However, the number of these proteins is not sufficient to interact with a large number of semiochemicals. Niemann-Pick type C2 protein was identified from the antenna of the worker Japanese carpenter ant, Camponotus japonicus (CjapNPC2). CjapNPC2 accumulated in the sensillum cavity in the basiconic sensillum. The ligand-binding pocket was composed of a flexible β-structure, which allowed binding to various potential semiochemicals, some of which elicited antennal electrophysiological responses. CjapNPC2 might play crucial roles in chemical communication required to perform worker ant tasks.
CSPs (17, 18) . Because ants detect a large variety of chemicals derived from their habitats by chemosensory receptors, they require unidentified carrier protein(s) with a flexible structure that can bind various semiochemicals with moderate selectivity.
To explore the carrier protein(s) from the Japanese carpenter ant, C. japonicus, which widely transfers various hydrophobic semiochemicals, we applied subtraction PCR between worker and male antennae. Here we describe the identification and characterization of a Niemann-Pick type C2 protein of C. japonicus (CjapNPC2). In vertebrates, Niemann-Pick disease is a genetically inherited lipid processing disorder. Mutant NiemannPick type C2 (NPC2) inappropriately binds ligands such as cholesterol, causing a fatal neurodegenerative disorder resulting from the endolysosomal accumulation of cholesterol and lipids. Thus, it is known that β-structured NPC2 plays a role in transferring cholesterol (19) . However, the ant NPC2 specifically accumulates in the extracellular sensillum cavity in the basiconic sensillum of worker antenna and binds hydrophobic long-chain fatty acids, alcohols, and acetates, but not cholesterol, at neutral pH and dissociates at low pH. In addition, some of these ligands can evoke electrophysiological response from worker antenna. Furthermore, molecular recognition of ligand binding and release is demonstrated on the basis of the crystal structure of apo and fatty acid-bound CjapNPC2. We propose that CjapNPC2 transfers semiochemicals in the sensillum lymph in the basiconic sensillum and plays crucial roles in regulating a plethora of worker ant tasks.
Results and Discussion
Identification and Structural Characterization of CjapNPC2. To identify worker-antenna-specific genes that are responsible for chemical communication in C. japonicus, reciprocal subtraction PCR between worker and male antennae was carried out. We determined eight full-length cDNA sequences from worker-antennal flagellum cDNA and two full-length cDNA sequences from maleantennal flagellum cDNA [DNA Data Bank of Japan (DDBJ) accession nos. AB734099-AB734108; Tables S1 and S2 and Fig. S1 ). One of the predicted proteins identified from the worker antenna was composed of 154 amino acid residues, including a 22-amino-acid-long signal peptide (DDBJ accession no. AB734104). This secreted protein had six cysteine residues that are observed in those of the Classic OBP family (8, 20) . However, Blastp search, ClustalW alignment, and phylogenetic tree analyses indicated that this protein had 92% amino acid sequence identity with a NPC2-like protein from C. floridanus (GenBank accession no. EFN63300) (21) and belonged to a family of NPC2, which is widely identified not only from vertebrate genome but also from genome of hymenopteran, dipteran, and coleopteran insects and yeast. The ant NPC2s form a specific clade in the phylogenetic tree ( Fig. 1 A  and B) . On the basis of these results, we named this protein CjapNPC2. Mature CjapNPC2 had a calculated molecular mass of 14,906.39 Da and an isoelectric point of 5.16 and was predicted as a β-sheet protein (Fig. S2) . A recombinant mature CjapNPC2 that was expressed by using a pET-22b(+) vector had a molecular mass of 14,900.871 Da by MALDI-TOF mass spectrometry analysis (Fig. 1C) . Far-UV circular-dichroism analysis of the CjapNPC2 showed a spectrum with a positive peak at 193 nm and a negative peak at 211 nm (Fig. 1D ). These results suggest that the CjapNPC2 contains three disulfide bridges and β-sheet structures. These properties were similar to those observed with vertebrate NPC2s (22, 23) .
CjapNPC2 Accumulates in the Sensillum Cavity in Worker Basiconic
Sensillum. In vertebrates, NPC2 is a water-soluble protein that plays a role in transporting cholesterol from late endosomes and lysosomes to other cellular organelles (22) . In the fruit fly, NPC2 is thought to regulate sterol homeostasis and the biosynthesis of 20-hydroxyecdysone, a steroidal insect molting hormone (24) . To evaluate the function of CjapNPC2 in various tissues, RT-PCR was carried out. Contrary to our expectation, CjapNPC2 was expressed only in the flagella of the worker antenna ( Fig. 2A) . To localize the ant NPC2 at the cellular level, immunohistochemical analysis was performed. By Western blot analysis, anti-CjapNPC2 antiserum detected a single immunoreactive band from the worker antennal extract (Fig. 2B ). The immunoreactive material was specifically accumulated in the sensillum cavity in the basiconic sensillum (Fig. 2C) . The sensillum houses ∼130 sensory neurons that presumably express a large number of chemosensory receptor genes (5, 6) . Preimmune serum as a negative control only showed background staining (Fig. 2D ). The localization of CjapNPC2 was similar to that of OBP (25) , suggesting that CjapNPC2 is likely to carry hydrophobic compounds in the sensillum cavity in the basiconic sensillum.
CjapNPC2 Carries Hydrophobic Semiochemicals Evoking Antennal
Electrophysiological Responses. The Japanese carpenter ant is an omnivore. In the field, the worker ants are occasionally observed in groups hunting other insects and subsequently harvesting the soft tissues of the prey and bringing the food back to the nest. During hunting the worker ants repeatedly use their antennae to Circular dichroism analysis of purified recombinant CjapNPC2. A positive peak of the far-UV circular dichroism spectrum at 193 nm and a negative peak at 211 nm were observed at pH 7, indicating that CjapNPC2 is a β-structurerich protein.
check the body surface of the prey and harvest muscle tissues (Fig. 3A) . The internal organs are rich in long-chain fatty acids derived from triglycerides and cholesterol. Fatty acids that are derived from seed elaiosomes are also used as rewards and/or semiochemicals that help trigger seed-dispersal behavior of ants (26, 27) . These behaviors indicate that ant antennae are able to detect fatty acids. Thus, we hypothesized that CjapNPC2 binds to long-chain fatty acids. In fluorescence competitive binding assays, CjapNPC2 bound to palmitic, stearic, oleic, and linoleic acids in a pH-dependent manner (Fig. 3B) . Specifically, CjapNPC2 bound these fatty acids at neutral pH (i.e., pH 7), but not at an acidic pH (i.e., pH 5). In contrast, CjapNPC2 did not bind cholesterol at pH 7 and showed poor binding at pH 5 (Fig. S3) . Next, we examined the binding of CjapNPC2 to the related long-chain alcohols and acetates. CjapNPC2 showed pH-dependent binding and dissociation to 1-hexadecanol, oleyl alcohol, cis,cis-9,12-octadecadien-1-ol, palmityl acetate, and linoleyl acetate ( Fig. 3 C and D) . We also investigated binding of CjapNPC2 to other candidate ligands, n-tricosane (a cuticular hydrocarbon that is presumably related to nestmate recognition) and linalool (a plant volatile molecule that is found in the Japanese carpenter ant habitat). CjapNPC2, however, did not bind to either compound (Fig. S3) . These results suggest that CjapNPC2 not only binds long-chain fatty acids but also partly binds their related alcohols and acetates.
OBP is able to bind its ligand at neutral pH and to eject it in a very fast process (t 1/2 = 9 ms) in low pH condition localized on adjacent negatively charged olfactory receptor neuron (28, 29) . Our binding assay showed that CjapNPC2 bound to a wide variety of long-chain fatty acids, alcohols, and acetates at neutral pH and dissociated with these ligands at low pH. Furthermore, human NPC2 can deliver ligand to acceptor membranes in a flash by a collision transfer mechanism (30) . By using a pH-dependent dissociation and/or collision transfer mechanism, CjapNPC2 might transfer semiochemicals to the chemosensory receptors in the sensillum cavity at the same speed as OBPs. To better understand the physiological function of CjapNPC2, further biophysical analysis is required.
In the lepidopteran insects, the porous sensillum is classified as the olfactory sensillum (31) . The basiconic sensillum, where CjapNPC2 expression is observed, has many pits on the cuticular surface (5). On the basis of the morphological evidence, we assumed that the basiconic sensillum acts not only as the contact chemosensory sensillum but also as the olfactory sensillum. Thus, we sought to record the electrophysiological response to these CjapNPC2-bound compounds using a gas chromatographyelectroantennogram detector (GC-EAD). The electroantennogram response to n-undecane, a major component of the alarm pheromone (32), was repetitively observed, although the response was much smaller than that found in lepidopteran insects (33, 34) (Fig. S4) . The worker antenna also showed the electrophysiological response to palmityl acetate, stearyl acetate, and cis,cis-9,12-octadecadien-1-ol (Fig. 3E) compounds, which have not been reported semiochemicals in C. japonicus. The weak antennal response from ants simply indicates the small number of firing neurons, which is significantly smaller than those of pheromoneresponding neurons of lepidopteran insects (180 sensilla in C. japonicus vs. 17,000 sensilla in Bombyx mori) (5, 35). Conversely, responses to the fatty acids showed low reproducibility in our preliminary experiments. We assume that this low reproducibility resulted from the low volatility of fatty acids and/or detection limit by the GC-EAD. The basiconic sensillum with many olfactory receptor neurons inside expressing CjapNPC2 seems to have been evolved as a generalist for detection of a wide range of semiochemicals rather than as a specialist for detection of a single compound. To confirm the functions of the basiconic sensillum in the worker antenna, further electrophysiological evidence at the single unit level is required. Although the antenna did not respond all CjapNPC2-interacting compounds, these results suggest that CjapNPC2 plays roles in solubilization of hydrophobic semiochemicals in the sensillum cavity in the basiconic sensillum and delivery to the Or/Orco complex on the chemosensory receptor neuron.
Crystal Structures of the Apo and Fatty-Acid-Bound Forms of CjapNPC2. The crystal structures of the apo form of CjapNPC2 and CjapNPC2 in complex with oleic acid as a typical ligand were determined to better understand the molecular mechanism of ligand binding and release (Table 1 and Fig. 4) . CjapNPC2 adopts an Ig-like β-sandwich fold conformation with a large cavity in the interior of the protein that is stabilized by three disulfide bonds. This structure is similar to that found with bovine NPC2 (22, 23) . The apo and ligand-bound CjapNPC2 structures are well aligned with root-mean-square difference (rmsd) of 0.44 Å across all C α atoms (Table 1 and Fig. 4C ). Although a detailed comparison revealed substantial displacements (rmsd > 0.7 Å) at the entrance of the cavity, these displacements may not result from the ligand binding because the corresponding regions have extremely higher B factors above the average in both forms (Fig. 4 A and B) . These results suggest that the ligand-binding cavity, particularly the entrance regions, of CjapNPC2 is relatively flexible.
The structure of the CjapNPC2-oleic acid complex reveals that the binding pocket of CjapNPC2 accommodates one molecule of the ligand in a U-shaped conformation. The binding pocket is lined exclusively by hydrophobic amino acid residues. Most of these hydrophobic residues make contacts with the aliphatic chain of the bound oleic acid and stabilize its U-shaped conformation. The U-shaped conformation of the ligand is dictated by the shape of the binding cavity rather than the existence of the cis double bond between C9 and C10 of the oleic acid. The ability to conform the ligand into a U shape may be a characteristic for CjapNPC2-bound fatty acids because palmitic acid and stearic acid show comparable affinities as oleic acid despite the absence of a double bond (Fig. 3B) . Among the amino acid residues that make hydrophobic contacts with oleic acid, Trp-112 located deep inside the ligand-binding pocket flips its side chain by ∼120°between the apo and ligand-bound forms (Fig. 4C) . This flipping of the Trp-112 side chain is required to avoid a steric clash with oleic acid and suggests that the Trp-112 sidechain reorientation seems critical for lacing the hydrophobic cavity where the fatty-acid aliphatic chain can fit.
A specific set of hydrogen bonds for the deprotonated carboxyl group of oleic acid completes anchoring of the ligand (Fig.  4D) . The O1 and O2 atoms of oleic acid form direct hydrogen bonds with the backbone amides of Lys-70 and -69, respectively. The O1 atom is linked further to Lys-70 CO, Trp-112 N e1 , and Tyr-93 O η by means of three water molecules. Such a hydrogenbond network, in particular the two direct intermolecular hydrogen bonds, may be critical for high-affinity binding of fatty acids to CjapNPC2 because no binding was observed for n-tricosane (Fig. S3) . It is noteworthy that the Lys-69-Lys-70 sequence of CjapNPC2 is substituted by a Glu-Lys sequence in NPC2s from other ant species (Fig. 1A) . This replacement suggests that ant NPC2s could form two direct hydrogen bonds with the carboxyl group of fatty acids. In contrast, the same sequence is replaced by Pro-Asn/Glu sequences in other insect and mammalian NPC2-like proteins (Fig. 1A) . Because proline does not have an amide proton, NPC2s with the Pro-Asn/Glu sequences cannot make two hydrogen bonds with the fatty acid carboxylate in the same manner as CjapNPC2. In fact, it has been reported that no fatty acid binding was detected for the bovine NPC2 (19) . Together, these findings suggest that the fatty acid binding is a characteristic feature for the ant NPC2s.
Conclusion
Here we demonstrate that CjapNPC2 specifically accumulates in the sensillum cavity of the basiconic sensillum of the antenna of worker C. japonicus (Figs. 1 A-C and 2 ). The protein is composed of a flexible β-structure and binds several types of potential hydrophobic semiochemicals, and by binding it evokes antennal electrophysiological responses (Figs. 1D and 3 ). In addition, we solve the crystallographic structures of the apo and ligand-bound forms of CjapNPC2 and unveil the potential mechanism of molecular recognition of a fatty acid by CjapNPC2 (Fig. 4 and Table 1 ). Together, the data suggest that CjapNPC2 delivers various hydrophobic semiochemicals to Or/Orco complex on the 130 receptor neurons housed in the basiconic sensillum and plays crucial roles in chemical communication required to perform the worker ant tasks. In vertebrates including human, NPC2 acts as an essential carrier protein for cholesterol from late endosomes and lysosomes to other cellular organelles. Ants appear to exploit the NPC2 with a malleable binding pocket as a moderately selective carrier protein for various hydrophobic semiochemicals in the sensillum lymph. Synthesis of CjapNPC2 may also save energy for the production of >100 OBPs and CSPs required for the transport of various ligands to an inordinately large number of chemosensory receptors. Our results provide insight into protein function and structure of NPC2 between vertebrates and ants in molecular evolution. Invasive ants such as the red imported fire ant, S. invicta, and the Argentine ant, Linepithema humile, cause environmental and economic impacts throughout the world (36, 37) . In Culex mosquitoes, a reverse chemical ecological approach using a carrier protein as a selective filter has been used to identify the minor components of oviposition attractant (38) . A combination of a binding assay using the ant NPC2 and an electrophysiological assay using Ors/Orco complex expressed in Xenopus oocyte (6) could pave the way for the development of an assay to identify the specific chemical components to repel and/or to regulate the behavior of these invasive ants.
Materials and Methods
C. japonicus pupae and adults were collected from laboratory colonies or on the campus of Kobe University. Total RNA was isolated from each experimental tissue by using a TRIzol Reagent (Life Technologies). cDNAs were identified by using a PCR-Select cDNA Subtraction Kit, a SMART RACE cDNA Amplification Kit (Clontech Laboratories), and gene-specific primers (Table S1 ). RT-PCR was performed as described (39) . Phylogenetic analysis was performed by using MEGA software (Version 5.2.1) (40) . Signal peptide, molecular mass, and secondary structure were predicted by using Signal P Server (Version 4.1) (41), PeptideMass (42) , and Jpred (43), respectively. MALDI-TOF mass spectrometry and circular dichroism analyses were carried out as described (44) . The bacterial expression vector was constructed and transformed to BL21(DE3) (38) . After culture of the transformant, IPTG induction, and osmotic shock procedures, the recombinant CjapNPC2 was purified by a combination of hydrophobic interaction, ion exchange, and gel-filtration chromatography. Western blotting and immunohistochemistry were performed as described (45) by using antiserum, which was raised in rabbits against the purified recombinant CjapNPC2 (Operon Biotechnologies). Fluorescence competitive binding assay and GC-EAD analyses were carried out as described, respectively (33, 46) . For crystallography, diffraction data were collected at a wavelength of 1.0000 Å with CCD detectors (Area Detector Systems), integrated, and scaled by using the program DENZO and SCALPACK in the HKL2000 program suite (47) . The crystal structure of CjapNPC2 was determined by the molecular replacement method using the bovine NPC2 structure (Protein Data Bank ID code 2HKA) as a reference model by the program MOLREP (48) . Initial model building was conducted by the ARP/wARP program (49) . Manual model building and molecular refinement were performed by using Coot (50) and Refmac5 (51, 52) . The stereochemistry of the models was analyzed with the program Rampage (53) . Details are provided in SI Materials and Methods.
